INTRODUCTION {#sec1-1}
============

In mammals, the germ cell lineage is not preformed but instead arises during early development when a restricted group of epiblast cells responds to inductive signals, particularly BMP4, originating from the extra-embryonic ectoderm.[@ref1] In the mouse, a cohort of about 40 primordial germ cells (PGCs) is first identifiable at 6.25 to 7.25 days *post coitum* (d*pc*). These cells undergo considerable epigenetic reprogramming, including widespread chromatin modification that results in active down-regulation of key somatic marker genes, either maintenance or re-expression of pluripotency-associated genes (*Oct4*, *Sox2*, *Nanog*), and activation of genes characteristic of the germ cell lineage, particularly *Prdm1* (also known as *Blimp1*) and *Prdm14*.[@ref2] The nascent germ cells then migrate through the embryo, proliferating as they go, and eventually colonize the gonad at about 10.5 d*pc*.[@ref3]

When germ cells first enter the gonad, it is still "bi-potential" because somatic sex determination is yet to occur. If the somatic cells in the gonad are XX, an ovary tends to form. If the somatic cells are XY, on the other hand, the Y-chromosomally encoded male sex-determining gene *Sry* is expressed, peaking at around 11.5 d*pc*, and development is diverted from ovary to testis.[@ref4] Despite this dependence of gonadal somatic sexual fate on the presence or absence of the Y chromosome, it is critical to appreciate that, for germ cells, the initial steps toward ultimate sexual fate are dictated not by their own XX or XY chromosomal constitution but by the somatic environment in which they find themselves.[@ref5][@ref6] Thus, germ cells in a fetal ovary will enter prophase of meiosis I, the first step toward oogenesis, and germ cells in a fetal testis will avoid entry into meiosis and instead halt their proliferation and begin to express markers characteristic of a commitment to spermatogenesis.[@ref3][@ref7] Normally, of course, germ cells in an ovary will be XX and those in a testis will be XY; however, if they are not, whether by accident or experimental design, they will still align their sexual development with that of their somatic environment. Until recently, we had virtually no understanding of how somatic cells act to influence germ cell sexual fate. However, since 2006, when the meiosis-inducing role of retinoic acid (RA) in the fetal ovary was first demonstrated,[@ref8][@ref9] significant progress has been made in our understanding of the intrinsic and extrinsic determinants of mammalian germ cell sexual fate.

PREPARING TO TAKE INSTRUCTION {#sec1-2}
=============================

Upon entering the gonad, PGCs undergo an almost complete global demethylation, including the erasure of genomic imprints and, for XX germ cells, X chromosome reactivation.[@ref2][@ref10] Demethylation results in up-regulation of certain germ cell specific genes such as deleted in azoospermia-like (*Dazl*), mouse vasa homolog, also known as *DEAD* box polypeptide 4 (*Mvh*, *Ddx4*) and synaptonemal complex protein 3 (*Sycp3*).[@ref11][@ref12] This stage of development is also characterized by additional chromatin modifications that confer a "ground state" pluripotency and, presumably, make the germ cells receptive to inductive signals that direct their fate[@ref13][@ref14] ([**Figure 1**](#F1){ref-type="fig"}).

![Regulation of sex-specific germ cell development in the mouse gonad. As germ cells enter the genital ridge (future gonad) they undergo genome-wide demethylation, including reactivation of the X chromosome, erasure of imprints as well as chromatin remodelling. In a developing ovary, RA induces expression of the pre-meiotic gene *Stra8* as well as a meiosis-associated gene, *Rec8*. STRA8 is critical for germ cell meiosis that is marked by up-regulation of *Sycp3* and *Dmc1* at about 13.5 d*pc*. In the developing testis, endogenous RA is degraded by a P450 enzyme, CYP26B1. FGF9 is present and acts directly on testicular germ cells to up-regulate *Cripto*, triggering active cell autonomous Nodal signalling that appears to maintain the pluripotent state. FGF9 also influences expression of later male fate markers. Activin and PGD2 influence the timing of mitotic arrest. Germ cells do not differentate along either female or male pathways unless they first express *Dazl*. Signaling molecules are shown in black ovals; unbroken arrows indicate a direct effect and broken arrows indicate an incompletely characterised or likely indirect effect.](AJA-17-427-g001){#F1}

Deleted in azoospermia-like, in particular, seems to be essential in the preparation of the germ cells for receiving instructions from extrinsic factors once in the gonad, at least in the C57BL/6 background. DAZL, an RNA-binding protein, is considered a germ-cell-intrinsic competence factor because germ cells must first express this if they are to later embark on either female or male sex-specific development.[@ref15][@ref16] As yet we have no understanding of how expression of *Dazl* ensures that germ cells are responsive to feminizing or masculinizing cues from the somatic tissue other than that germ cells deleted for *Dazl* do not down-regulate the expression of PGC-characteristic pluripotency-associated markers such as OCT4, SOX2 and NANOG: possibly germ cells need to transition from the "primordial" state before they can differentiate.

EMBARKING ON OOGENESIS -- THE ACTIONS OF RETINOIC ACID {#sec1-3}
======================================================

In the ovary, germ cells stop proliferating, begin to condense their chromosomes and enter meiosis at 14.5 d*pc* and then arrest in late prophase of meiosis I until ovulation. Embarking upon meiosis during fetal life has traditionally been considered a commitment to oogenesis, although there is some evidence that ovarian germ cells that have never undergone meiosis can still differentiate into fertilization-competent oocyte-like cells.[@ref17] Until recent years various observations were interpreted as evidence that germ cells did not require a meiosis-inducing stimulus and that they would enter meiosis spontaneously and in a cell autonomous fashion unless a male-specific factor intervened to prevent this from occurring.[@ref18] However, it is now well accepted that the first steps toward meiosis are triggered by the presence of RA.[@ref8][@ref9][@ref18][@ref19]

Retinoic acid is present in the gonadal environment and is produced in abundance in the adjacent tissue, the mesonephros, although some may also be produced in the gonad itself.[@ref9][@ref20] RA triggers the expression of a key premeiotic gene, stimulated by retinoic acid, gene 8 (*Stra8*), in ovarian germ cells: *Stra8* is essential for meiosis in both sexes.[@ref21] The molecular mechanism by which *Stra8* operates is unknown, although there is some evidence that the protein shuttles between nucleus and cytoplasm.[@ref22] STRA8 is essential for meiosis-specific DNA replication as well as for triggering later molecular events of meiotic prophase 1 such as the formation of DNA double stranded breaks and the up-regulation of SYCP3 and DMC1 (dosage suppressor of mck1 homolog, meiosis-specific homologous recombination \[yeast\]), first observed at about 13.5 d*pc*.[@ref21][@ref23][@ref24] Recently, a second meiosis-essential gene, *Rec8* (which encodes a component of the cohesin complex that accumulates during meiotic S phase, REC8 meiotic recombination protein), was also found to be an RA target, activated independently of *Stra8*.[@ref23]

NON-RA INFLUENCES ON THE EXPRESSION OF STIMULATED BY RETINOIC ACID, GENE 8 {#sec1-4}
==========================================================================

Retinoic acid acts directly on germ cells to induce *Stra8* expression[@ref25][@ref26] and, in responsive cell types, this occurs even when RA is present at extremely low concentrations[@ref25][@ref27][@ref28][@ref29]. Two RA response elements (RAREs) have been identified in the proximal promoter region of *Stra8*[@ref30] and, at least in *in vitro* studies, these have been shown to direct *Stra8* expression.[@ref31] ChIP-seq analysis in embryonic stem (ES) cells demonstrated direct binding of the RA/RA receptor (RAR) complex to the *Stra8* promoter[@ref32] although this result has not yet been shown in fetal germ cells. However, several intrinsic germ cell factors appear to have some impact on the expression of *Stra8*. These include DMRT1: in the absence of this evolutionarily-conserved protein the expression of *Stra8* is retarded in ovarian germ cells though, surprisingly, this effect varies substantially from cell to cell suggesting an element of stochasticity.[@ref33] The DMRT1 binding site detected by qChIP, carried out on mouse fetal ovary tissues, lies between the two proximal RAREs mentioned above. Interestingly, qChIP analysis did not detect DMRT1 binding to this site in fetal testis tissue even though DMRT1 is more abundant in XY germ cells than in XX germ cells.[@ref34] This result suggests that ovary-specific RA/RAR binding may facilitate DMRT1 binding to the *Stra8* promoter that then enhances *Stra8* transcription.

Other germ cell intrinsic factors that seem to have a bearing on the expression of *Stra8* and, hence, meiosis initiation, are homeobox transcription factors MSX1 and MSX2. In the *Msx1*/*Msx2* double knockout mutant fetal ovary, fewer germ cells than normal embark on meiosis, although those that do seem to progress through prophase of meiosis I correctly.[@ref35] In the F9 (mouse embryonal carcinoma) cell line MSX1 and MSX2 directly bind 3 distinct sequences upstream of the two RAREs in the *Stra8* locus suggesting that they may have a direct effect on *Stra8* activation. It seems however that the role of MSX1/2 is to maintain or augment rather than activate *Stra8* expression: no abnormality in *Stra8* expression is observed at 13.5 d*pc*, rather it is first seen at 14.5 d*pc*. Intriguingly, the germ cells that do enter meiosis tend to be found at the anterior end of the gonad, in agreement with the expectation that RA levels are higher at that end:[@ref18] possibly the higher levels of RA available in the region of the gonad closest to the mesonephric ducts are sufficient to achieve a meiosis-inducing level of *Stra8* expression without assistance from MSX1/2.

Germ cell extrinsic factors have also been reported to influence the levels of expression of *Stra8*. These include the signaling molecules WNT4 and RSPO1, both involved in the development of the ovarian soma.[@ref36][@ref37] In *Wnt4* null and *Rspo1* null XX embryos germ cells enter meiosis normally but then die: it seems likely that the somatic environment is sufficiently abnormal in these mouse models as to impact on germ cell survival although it remains possible that one or both of these factors affects germ cell meiosis directly.[@ref38][@ref39] FGF9, a signaling molecule produced by the Sertoli cells of the early fetal testis that is essential for normal somatic development in the testis,[@ref40] does appear to have a direct effect on germ cells.[@ref25][@ref41] FGF9 signaling seems to affect the sensitivity of germ cells, be they XX or XY, to available levels of RA: in the presence of FGF9 *Stra8* expression in response to a given level of RA is diminished.[@ref25] There is evidence that one key role for FGF9 is to push XY germ cells toward the male fate (see below), hence it is possible that FGF9 makes germ cells less susceptible to the effects of RA on *Stra8* expression simply because those germ cells have already begun to differentiate along the male pathway.

TURNING OFF PLURIPOTENCY-ASSOCIATED GENES AT MEIOTIC ONSET {#sec1-5}
==========================================================

At specification and during migration to the fetal gonads both XX and XY germ cells are highly pluripotent and express pluripotency marker genes *Oct4*, *Sox2* and *Nanog*, also common to ES cells. The bona fide pluripotency of these cells is evident in their ability to seed colonies of pluripotent embryonic germ (EG) cells - pluripotent cell lines that mimic ES cells.[@ref42][@ref43][@ref44] In the ovary, these markers are substantially down-regulated by 13.5 d*pc* (just prior to entry into meiosis).[@ref45][@ref46][@ref47]

Recent studies have investigated whether germ cell nuclear factor (GCNF) might be involved in repressing *Oct4* expression in the ovary. GCNF is an orphan nuclear factor and a known direct transcriptional repressor of *Oct4* in somatic cells *in vivo*[@ref48] and in ES cells.[@ref49] GCNF is expressed in an ovarian-specific manner in germ cells, making it a good candidate for involvement in down-regulation of *Oct4* in fetal ovarian germ cells. However, two recent studies differ markedly in their conclusions as to the role of GCNF in ovarian germ cells and further studies are clearly required. One study found that the absence of GCNF is indeed associated with a loss of *Oct4* repression and that, moreover, GCNF is involved in activation of *Stra8* expression and initiation of meiosis;[@ref50] the other showed that GCNF is not required for either down-regulation of *Oct4* expression or meiotic onset.[@ref51]

WHY IS STIMULATED BY RETINOIC ACID, GENE 8 INDUCTION BY RA SPECIFIC TO GERM CELLS? {#sec1-6}
==================================================================================

Retinoic acid, the meiotic inducer, is widely available during development so it is unclear why most cells are completely resistant to *Stra8* induction by RA while others, such as fetal germ cells and premeiotic spermatogonia, are highly sensitive. It seems likely that long-term and efficient epigenetic silencing mechanisms are involved in silencing the *Stra8* locus in most cell types and that these mechanisms are relaxed at certain stages of the germ cell cycle. Possibly the highly naive status of germ cells shortly after they colonize the gonad makes them particularly sensitive to RA.

The idea of epigenetic silencing of the *Stra8* locus was borne out by recent studies that demonstrated that activity of the transcriptional repressor Polycomb repressive complex 1 (PRC1) has a bearing on when gonadal germ cells are free to commence meiosis.[@ref52] When components of PRC1 are genetically deleted, *Stra8* expression and entry into meiosis occur earlier than normal. Importantly, the absence of PRC1 components does not lead to the expression of *Stra8* in XY germ cells indicating that the absence of PRC1 is permissive but not instructive for *Stra8* expression. It seems that direct binding of PRC1, and possibly PRC2, to the *Stra8* promoter makes germ cells less sensitive to RA: at 11.5 d*pc* the *Stra8* promoter is in a repressed, but poised 'bivalent' state characterized by detectable H3K27me3 (repressive mark) and H3K4me3 (active mark). Presumably this mechanism influences the timing of *Stra8* expression by controlling the threshold of RA required to trigger *Stra8* expression. Interestingly, other cell types with the potential to respond to RA by up-regulating *Stra8*, such ES and EG cells are also characterized by this bivalent epigenetic state.[@ref14][@ref53]

An earlier study also suggested that the *Stra8* locus is under epigenetic control. *In vitro*, treatment with trichostatin-A (TSA, a histone deacetylase \[HDAC\] inhibitor) promoted *Stra8* expression in a synergistic fashion with RA and, *in vivo*, TSA treatment of 13.5 d*pc* litters resulted in up-regulation of *Stra8* in testicular germ cells.[@ref31] These results suggest the possibility that *Stra8* expression is held silent at least partially by an HDAC-dependent epigenetic mechanism. This idea correlates well with the fact that HDACs are well known to be recruited by unbound RARs, which work in some circumstances in a repressive capacity.[@ref54]

THE ALTERNATIVE FATE -- SPERMATOGENESIS {#sec1-7}
=======================================

Germ cells in a fetal ovary, cultured without the mesonephros, do not enter meiosis but nor do they develop into spermatogonia.[@ref55] Similarly, in the *Stra8* KO, when XX germ cells cannot enter meiosis, they do not adopt the spermatogenic fate by default: they maintain a premeiotic morphology and then, by birth, they die.[@ref21] Studies have shown that a signal from the Sertoli cells, operating by 12.5 d*pc*, is required to induce male fate in germ cells[@ref28][@ref56] although a later diffusible signal from peritubular and/or Leydig cells at 13.5 d*pc* has also been implicated.[@ref57] Although the details of how male germ cell fate is determined are far from settled, it seems clear that a signal/s from somatic cells are involved rather than that male germ cell fate occurs spontaneously in the absence of RA.

In the testicular environment germ cells differentiate into prespermatogonia in a process characterized by certain events that generally occur nonsynchronously over a period of several days. In chronological order these include: activation of the Nodal/Cripto signaling pathway (12.5 d*pc*--14.5 d*pc*), exit from the mitotic cell cycle (12.5 d*pc*--15.5 d*pc*), up-regulation of late male fate markers (13.5 d*pc* onward), down-regulation of pluripotency markers (13.5 d*pc* onward) and establishment of *de novo* methylation (14.5 d*pc* onward).

FGF9 IS AN EARLY INSTRUCTOR FOR MALENESS {#sec1-8}
========================================

At the time of germ cell colonization of the gonads FGF9 is a predominant signaling factor in the testis, but not the ovary. FGF9, produced by newly-specified Sertoli cells, is maximally expressed at 11.5 d*pc*[@ref25] and is critical for testis development as it antagonises the default ovarian pathway.[@ref58] Although the important requirement for FGF9 in somatic testis development make it difficult to study its role with respect to germ cell sexual differentiation, there is evidence that it acts directly on testicular germ cells to maintain expression of pluripotency markers, to induce differentiation markers and to provide a back-up mechanism to ensure germ cells do not enter meiosis.[@ref25][@ref41]

EARLY MARKERS OF MALE GERM CELL FATE -- SWITCHING ON CRIPTO/NODAL {#sec1-9}
=================================================================

One early role for FGF9 is to up-regulate *Cripto* expression in testicular germ cells.[@ref59] *Cripto*, which encodes an obligate co-receptor for the TGFβ signaling molecule *Nodal*, is currently the earliest marker of male germ cell fate and is expressed male-specifically in germ cells from 12.5 to 14.5 d*pc*.[@ref59][@ref60] Expression of *Cripto* is transient, suggesting that loss of *Cripto* expression may simply reflect the loss of FGF9 after about 12.5 d*pc*. Shortly after *Cripto* is expressed, the gene encoding its ligand, Nodal, is up-regulated, followed also by genes encoding downstream transcriptional targets and repressors of Nodal/Cripto signaling, Lefty1 and Lefty2. These transcriptional changes suggested that cell autonomous Nodal/Cripto signaling is activated in testicular germ cells shortly after their colonization of the gonad and this was confirmed by demonstration of phosphorylated SMAD2 in male germ cells from 12.5 d*pc*.[@ref59]

Nodal/Cripto signaling plays important roles during both early embryonic development and in stem cell biology: it is responsible for mesoderm and endoderm specification during gastrulation and initiation of left-right asymmetry as well as patterning of the nervous system reviewed by.[@ref61] Moreover, the Nodal co-receptor, Cripto, is required in stem cells for self-renewal and pluripotency and is commonly overexpressed in many cancers.[@ref62] Given these known roles for Nodal/Cripto signaling, its activation in germ cells of the fetal testis is intriguing. In the context of male fetal germ cells, it seems that the primary role of Cripto is akin to its role in stem cells - to maintain pluripotency for a defined period of time.[@ref59][@ref63] In a model of suppressed Nodal signaling (*Nodal^flox/flox^* hypomorphant), expression of pluripotency markers was decreased, which correlated with a reduced ability of these cells to seed EG cells *ex vivo* and was associated with precocious expression of male fate markers.[@ref59] In culture, blocking of TGFβ/Nodal/Activin signaling using chemical inhibitor to ALK4/5/7 (SB431542) in *ex vivo* culture from 12.5 d*pc* led to down-regulation of a pluripotency marker, *Nanog*, previously noted as a downstream target of Nodal.[@ref63][@ref64]

A role for Nodal/Cripto signaling in the suppression of meiosis in male germ cells has also been postulated. Again using the *Alk4/5/7* inhibitor SB431542 at 11.5 d*pc* in *ex vivo* culture, robust germ cell entry into meiosis was observed using markers *Stra8*, *Rec8*, *Dmc1*, γH2AX and SYCP3.[@ref60][@ref63][@ref65] It should be noted however that under these conditions SB431542 causes major disruption to Sertoli cell proliferation, organization and differentiation such that cords do not form, indicating that TGFβ/Activin/Nodal signaling also acts on the soma in the developing testis.[@ref63][@ref65] Hence, given the fact that the testis soma is abnormal, it is impossible to conclude from these *in vitro* studies that autocrine Activin/Nodal signaling in germ cells functions to suppress meiosis. Caution on this point seems warranted also because the use of the *Alk4/5/7* inhibitor SB431542 one day later at 12.5 d*pc* results in normal testis cord morphology and, with rare exception, germ cells did not enter meiosis.[@ref63] In addition, no ectopic meiosis was observed in the *Nodal* hypomorphic model mentioned above.[@ref59] Conditional deletion of *Cripto* and/or *Nodal* in germ cells will be required to determine the precise roles Nodal/Cripto signaling plays with respect to pluriptotency, meisois suppression and differentiation.

LOCKING-IN MALE GERM CELL IDENTITY {#sec1-10}
==================================

Germ cells isolated from testes at 12.5 d*pc* are considered already committed to spermatogenesis[@ref66] yet recent experiments indicate that XY germ cells remain susceptible to meiotic induction until about 14.5 d*pc*[@ref26] or even 15.5 d*pc*.[@ref67] This suggests that the male fate signal from the soma acts early, by at least 12.5 d*pc*, but that germ cells remain bipotential for a time, only irreversibly committing to their male identity several days later.

Nanos homolog 2 (*Nanos2*) (*Drosophila*) encodes an RNA-binding protein that appears to be essential for the maintenance of the male germ cell fate.[@ref68] In the developing testis, where RA is absent and FGF9 present, germ cells begin to express *Nanos2* at 13.5 d*pc*.[@ref25][@ref41][@ref69] *Nanos2* null germ cells die, but if they are rescued (by removal of the pro-apoptotic gene *Bax1*) they eventually express low levels of *Stra8* at 14.5 d*pc*, presumably concomitant with the loss of RA-degrading CYP26B1 activity at that time.[@ref68] Nanos2 makes germ cells resistant to meiotic induction at least in part because it binds (in conjunction with the CCR3-NOT deadenylation complex) and sequesters meiosis-associated transcripts such as *Stra8* and *Sycp3* in RNA degradation centers known as P-bodies.[@ref70]

In terms of "locking in" male germ cell fate, Nanos2 is also necessary for the up-regulation of the *de novo* methylase-associated protein DNA methyltransferase 3-like (DNMT3L) at about 13.5 to 14.5 d*pc*.[@ref68] As mentioned above, the period of germ cell migration and gonad colonization is characterized by erasure of virtually all methylation marks in germ cells.[@ref2][@ref10] Female germ cells enter meiosis in this epigenetically 'naive' state, and it is not until after birth and entry into meiosis that sex-specific DNA methylation patterns are established. Conversely, male germ cells undergo progressive *de novo* methylation during the 13.5 d*pc*--18.5 d*pc* period of fetal development. Methyltransferases DNMT3A, DNMT3B and the noncatalytic but critical modulatory protein, DNMT3L, are responsible for establishing male-specific remethylation at this time.[@ref71][@ref72] Expression of *Dnmt3a* and *Dnmt3b* is observed at low levels in both male and female fetal germ cells prior to 13.5 d*pc*; *Dnmt3l*, however, is absent in germ cells until it is robustly and male-specifically up-regulated at 14.5 d*pc*.[@ref47] Owing to this expression pattern, *Dnmt3l* is considered a definitive marker of a germ cell that is committed to the male germ cell fate.

CONTROLLING PLURIPOTENCY -- OCT4/SOX2/NANOG {#sec1-11}
===========================================

In the male germ cells, repression of pluripotency markers *Sox2* and *Nanog* occurs at the transcriptional level by 14.5 d*pc*--15.5 d*pc* and strong remethylation of the *Sox2* and *Nanog* promoter regions is observed in male germ cells by 17.5 d*pc*.[@ref47] Interestingly, *Oct4* transcripts are still detectable in 15.5 d*pc* male germ cells and promoter regions remain unmethylated yet OCT4 protein is absent from germ cells by 15.5 d*pc*, indicating posttranscriptional regulation must be involved in loss of this key pluripotency-associated protein.[@ref47] It is hypothesized that suppression of latent germ cell pluripotency is critical during fetal life in the male embryo if the development of germ cell tumors is to be avoided in early adult life.[@ref73] The aberrations in fetal germ cell development that are likely to underlie the formation of carcinoma *in situ*, the precursor of germ cell tumor, are beyond the scope of this review but have been considered extensively elsewhere.[@ref74][@ref75]

MALE GERM CELL MITOTIC ARREST {#sec1-12}
=============================

During migration and genital ridge colonization, germ cells are actively proliferating so that the founding population of around 40 cells increases to more than 25 000 per gonad by 12.5 d*pc*.[@ref76] Beginning at 12.5 d*pc*, and occurring over several days, germ cells in a testis cease mitotic proliferation and exit the cell cycle at the G1/G0 transition: this arrest is maintained until after birth.[@ref7] By 14.5 d*pc*, approximately 95% of germ cells are arrested as assessed by flow cytometry,[@ref77] though there are some reports of mitotically active germ cells as late at 16.5 d*pc*.[@ref78] Recent studies have found that germ cells use cell cycle machinery common to somatic cells to achieve this arrest: cyclin-dependent kinases inhibitors p21^Cip1^, p57^Kip2^, p27^kip1^ and p15^INK4b^ and G1/S phase checkpoint protein retinoblastoma 1 are all involved in maintaining G1/G0 arrest during this developmental window.[@ref77][@ref79]

There is evidence that removal of endogenous RA by CYP26B1 is necessary not just to ensure XY germ cells avoid meiosis but, also, so that normal mitotic arrest can occur.[@ref24][@ref80] In *Cyp26b1*^−/−;^ *Stra8*^−/−^ XY gonads, where endogenous RA is not degraded but ectopic meiosis is prevented, mitotic arrest was delayed in some germ cells.[@ref24] The fact that excess RA can impede the normal processes of mitotic arrest is perhaps not surprising given that RA is known to act as a potent germ cell mitogen.[@ref81] Based on the incomplete nature of the phenotype in this mouse mutant, however, it seems likely that it is not just the absence of RA but also the presence of certain factors, produced by Sertoli or Leydig cells, which ensures XY germ cells arrest at the appropriate time. To date members of the TGFβ signaling family, as well as Prostaglandin D2 (PGD2), have been implicated; it is possible that a complex and redundant system is involved.

From 12.5 d*pc* expression of Activin subunits, *Inhba* and *Inhbb*, is up-regulated in male somatic cells and expression of Activin receptors (*Alk4*, *Alk7*, *Acvr2a*, *Acvr2b*) is observed in both germ and somatic cells, peaking by 15.5 d*pc*--16.5 d*pc*.[@ref59][@ref63][@ref82][@ref83] Pharmacological studies suggest that signaling through the Activin/Nodal receptors, ALK4 and ALK7 is required for promoting both differentiation of male germ cells and their entry into mitotic arrest[@ref63] and, in the *Inhba* knockout, germ cell numbers are increased at 15.5 d*pc*, suggesting a role for Activin in initiation and/or maintenance of G1/G0 arrest.[@ref82]

The TGFβ morphogen Nodal also uses the common Activin receptors ALK4, ALK7 and ACVR2B. Importantly, however, the expression of the obligate co-receptor Cripto specifically by male germ cells should theoretically restrict Nodal signaling to this population. In other systems, the presence of Cripto on a cell surface renders cells resistant to the effects of Activins because it physically interacts with them, disrupting their ability to bind and activate the Activin type I-typeII receptor complex.[@ref84] Therefore, it is possible that the timing of male germ cell mitotic arrest is regulated by expression of *Cripto*: once *Cripto* expression falls, germ cells become susceptible to the effects of Activins. In line with this, proliferation was slightly decreased in a hypomorphic *Nodal* mutant, though this did not manifest a significant difference in overall germ cell number.[@ref59] It will be necessary to test this idea in a *Cripto*-null germ cell model.

Recent studies suggest that PGD~2~, produced by Sertoli cells, acts through the D2 receptor on germ cells to influence male germ cell fate. The actions of PGD2 appear to be associated with the onset of mitotic arrest specifically by activation of CDK inhibitor p21^Cip1^.[@ref85]

CONCLUSIONS {#sec1-13}
===========

The study of germ cells during the fetal period of development is intrinsically fascinating: it allows us to focus on a defined developmental system that hides secrets regarding the critical balance between proliferation and differentiation. Although the sex-specific behavior of germ cells during fetal life has been recognized for many decades, it is only in recent years that some of the specific factors responsible for directing germ cells toward their oogenic or spermatogenic fate have been identified. Progress has been rapid yet a great deal remains unclear and, undoubtedly, many more extrinsic and intrinsic participants are yet to be revealed.

One key question that remains relates to the function of STRA8 -- what sort of a protein is it and how does it harness the meiotic machinery so effectively? Puzzles remain also in terms of how this critical meiosis-inducing gene comes to be regulated: how is the *Stra8* gene so sensitive to RA at certain times and in certain cells whilst so resistant in most situations? In the fetal testis, we are yet to resolve exactly which soma-produced signals are involved in triggering spermatogenic fate and how mitotic arrest and up-regulation of the key male fate gene, *Nanos2*, are interrelated. The role of Nodal and its receptor Cripto is still unclear but, given the importance of these factors in other systems, is likely to be key to our understanding of the control of latent pluripotency in germ cells.

As more germ cell fate markers have become available, a number of instances where germ cell fate is disrupted have been reported in mouse mutants. In interpreting the evidence, in such situations, it is essential to not lose sight of the long-accepted dogma that the soma controls germ cell development. It is vital to design and perform experiments that will clarify whether the factor in question affects germ cell development directly or via its effects on testicular or ovarian development.

As the community builds the necessary tools to study mouse fetal germ cells, building on discovery after discovery, the entire field is gaining in momentum. An upsurge in knowledge relevant to our understanding of the subtleties of optimal reproductive capacity, the formation, prevention and treatment germ cell tumors, and the principles of stem cell biology more generally can only follow.
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